Animal slurry is separated in order to avoid excessive nitrogen, phosphorus and potassium (NPK) fertilization of crops in the field. To enhance fertilizer efficiency further, slurry and its separation products may be acidified, for instance in animal houses. The current study quantified the effects of these treatments, both individually and in combination, on fertilizer efficiency, energy production and heavy metal accumulation as a result of manure management. Acidification increased the availability of N to plants in the manure applied, and provided a better match between plant-available NPK in the manure and separation fraction applied to fields and crop need. Total biogas production was not affected by separation, whereas acidification reduced biogas production because the process was inhibited by a low pH and a high sulphur concentration. The amount of copper applied per hectare in the liquid manure to the wheat field was lower than the amount taken up and more zink and copper was applied in the solid fraction to maize field than taken up. The transportation and field application of solids and liquids did not increase management costs when compared to the transportation of slurry alone, but the investment and running costs of separators and manure acidification increased overall management costs.
INTRODUCTION
Managed properly, animal slurry is an environmentally friendly source of nutrients for crop production, an amendment to improve soil and a resource for energy production. Mismanagement of slurry causes hazards to the environment in the form of greenhouse gas emissions, eutrophication of recipient waters and pollution of groundwater (Sutton et al. 2011) .
Livestock farming is intensifying and becoming more specialized, leading to the decoupling of livestock farming from plant production and creating the need to transport slurry to nutrient-deficient crop production areas. Separation of animal slurry produces a nutrient-rich solid fraction that can be transported at a low cost per unit nutrient, enabling efficient recycling. The efficiencies of the various separation techniques of different manures are not equal (Hjorth et al. 2010) , making the impact of introducing manure pre-treatments difficult to predict.
Acidification has proved to be an efficient method for reducing ammonia (NH 3 ) emissions (Kai et al. 2008) . The hypothesis advanced in current article is that the combined effect of separation and acidification may be beneficial in terms of controlling NH 3 emissions, as well as contributing to improved plant nutrient use.
There is a need to quantify the effects of an acidification pre-treatment on slurry characteristics and nutrient separation efficiencies, as well as its effects on the assessment of energy production, heavy metal accumulation and fertilizer efficiencies of the manure products. The current study provides insights into how an acidification pre-treatment before slurry separation affects the composition of separation products, with a focus on organic matter, plant nutrients, energy and heavy metal accumulation.
MATERIALS AND METHODS
During the spring of 2012, slurry from two separate pig pens -each housing 32 growing-finishing pigs -at the Grønhøj research station, Denmark (56°38′ N, 9°18′ E) was collected and stored separately in 20 m 3 tanks. The slurry in the channels of one of the sections was acidified with sulphuric acid (H 2 SO 4 ) to pH 5·5 on a daily basis, whereas the slurry in the other section was left untreated. The fattening pig house was managed using Danish standard production guidelines for housing, feeding and management conditions. The untreated pig slurry and continuously acidified pig slurry were stirred prior to full-scale separation at the pig farm by means of three different separation technologies: (i) a screw press (Börger BS50, Börger GmbH, Borken-Weseke, Germany), (ii) flocculation using polymers and drainage with a filter band separator (AL-2 model 812P, Hovborg, Denmark) and (iii) a decanter centrifuge (Pieralisi, Gruppo Pieralisi -MAIP S.p.A., Jesi (AN) Italy). The polymers used in the drainage study were Praestol K133L (Demols Inc., Houston, Texas, USA) with a medium cationic charge (c. 60%) for untreated slurry, and Praestol K144L with a high cationic charge (c. 75%) for acidified slurry. The flows of slurry and separation products were documented. The inorganic and organic components, particle size and energy content of the untreated non-acidified and acidified slurries, as well as those of their separation products, were determined. Two samples of each slurry and separation category were collected, stored at −18°C and, after thawing, analysed in the laboratory.
The slurry pH was determined on-site using a standard pH electrode (Radiometer, Copenhagen, Denmark) . Total ammoniacal nitrogen (TAN = NH 3 + ammonium (NH 4 + )) and total Kjeldahl nitrogen (Total-N) were determined according to standard procedures using a Kjeltec 2011 instrument (Foss, Höganäs, Sweden) according to the procedures given by APHA (2005) . The total phosphorus (total-P), potassium (K), sulphur (S), copper (Cu) and zinc (Zn) content of the slurry and the solid and liquid fractions were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, ICAP 6300 DUO Thermo Scientific, Germany) according to the procedures given in European Regulation 2009/ 152/EC (EC 2009). Water-soluble P was determined by three successive extractions at a solid-liquid mass ratio of 1 : 25 g/g followed by centrifugation steps (10 000 rpm for 10 min) and decanting of the supernatant after each centrifugation treatment. Following extraction, the concentration of water-soluble P was determined using a spectrophotometer (Helios a, Fisher Scientific, Loughborough, UK) according to the procedures provided by Murphy & Riley (1962) . Total dihydrogen sulphide (H 2 S tot = dihydrogen sulphide (H 2 S) + hydrogen sulphide (HS − ) + sulphide (S 2 − ) was determined by precipitation with zinc, H 2 S gas capture, colour reaction and spectrometric quantification using a spectrophotometer (Helios a, Fisher Scientific, Loughborough, UK) according to the procedures given by Eriksen et al. (2010) . The dry matter (DM) concentration of the manures was determined gravimetrically after a 24 h drying period at 103°C in accordance with the Danish Standard DS/EN 14346 (Anonymous 2007) . The ash content was determined following combustion at 550°C for 2 h. Measurements were carried out in triplicate. Volatile solids (VS) were calculated as the difference between the DM and ash content of the sample.
Total inorganic carbon (TIC = carbon dioxide (CO 2 ) + bicarbonate (HCO 3 − ) + carbonate (CO 3 2 − )) was determined in a closed system consisting of two glass flasks connected by glass tubes (Sommer & Husted 1995) . One flask contained the slurry samples and the other contained an absorbent of 0·2 M sodium hydroxide (NaOH). Hydrochloric acid (1 M HCl) was added to the slurry in amounts exceeding the content of the base components, and the evolved CO 2 collected in the absorbent. Subsequently, 1 M barium chloride (BaCl 2 ) was added to the absorbent and TIC was determined by titration of the absorbent with 0·100 M HCl using phenolphthalein as an indicator.
Determination of the specific gravity of the manure and separation products (uncompacted) was performed in duplicate by weighing the content of a 1000 ml volumetric flask to the nearest 10 mg.
Volatile fatty acids (VFA, C2-C5 organic acids) were measured using a gas chromatograph (Agilent 7890A, Santa Clara, California, USA) with a HP-INNOWax, 3 m × 0·25 mm × 0·25 μm column and flame ionization detector. The carrier gas was helium. The temperature of the column was gradually increased from 110 to 220°C at 10°C/min.
Hemicelluloses, cellulose and lignin were determined in accordance with Van Soest's protocol for fibre analysis (Van Soest 1963; Goering & Van Soest 1970 ) using a Fibertec 2010 instrument (Foss, Höganäs, Sweden). Neutral detergent fibre (NDF) was determined according to Mertens (2002) . Acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined according to ISO standards (Van Soest 1963) .
The biochemical methane potential (BMP) of the manure and solid manure fractions were determined by means of a batch technique using 500-ml infusion bottles (Møller et al. 2004a) . Inoculum from mesophilic secondary biogas storage was added to all samples on a 1 : 1 ratio on the basis of the volatile solid content. The headspace was 150-ml. Blanks were tested using 200 g of inoculum to correct gas production. After adding the substrate inoculum mixture, the digesters were closed with butyl rubber stoppers, sealed with aluminium crimps, flushed with N 2 atmosphere and incubated at 37(± 0·5)°C. All assays were performed in triplicate. Gas volume was measured for 90 days on a regular basis, either by replacing water or using a large syringe. Methane (CH 4 ) and CO 2 were determined simultaneously by a gas chromatograph (Agilent 7890A, Santa Clara, California, USA) equipped with a thermal conductivity detector and an Alltech CTR 30 m × 0·320 mm column. The carrier gas was helium (300 mm/s) and the injection volume was 0·4 ml. The injector temperature was 110°C and the detector and oven temperature was 250°C.
Calculations
Using data from the Van Soest analysis, the cell wall fraction of the VS in the slurry was assessed as follows: NDF is composed of hemicellulose, cellulose and lignin, and the components that are dissolved when determining NDF are proteins, fats and carbohydrates; ADF is composed of cellulose and lignin; hemicellulose is equal to the difference between NDF and ADF. Acid detergent lignin is composed of lignin, and cellulose is calculated as the difference between ADF and ADL.
The decision was taken to use 30 t of acidified or of untreated slurry, removed from the pig house as the base unit when assessing the field acreage that the slurry or separation fractions could support with: (A) plant-available N to fulfil the crop need or (B) the acreage of fields for which application rate of the slurry and slurry separation fractions could fulfil the plant need for N, P or K at the lowest manure application rate. The amount of N, P and K in the slurry or separation fractions was calculated by estimating losses of N during storage and application, and transfer of N, P and K from solid manure storage to liquid storage in leaking water (Table 1) . A mass balance was calculated of the components in the slurry and separation fractions during the management chain from removal until field application. The total N, P and K multiplied by the corresponding mineral fertilizer equivalent (MFE; Table 1 ) and divided by the crop fertilizer requirement (Table 2) gave the area of crops whose nutrient need can be met by the application of slurry and slurry fractions. This area differs between N, P and K by manure category and crop. It was therefore decided to present the acreage required based on efficient N, P or K use when applying the slurry and liquid fractions to fulfil the fertilizer need of wheat, and the solid manure fraction to fulfil the fertilizer need of maize.
The contents of Cu and Zn from the applied slurry or slurry fractions were compared with the amount removed by the harvested crops. As regards the removal of Cu and Zn with harvested wheat and maize, the following rationale was used: irrespective of the manure application rate, c. 0·01-0·12 kg Cu/ha can be removed in the grain of wheat plants and 0·02-0·10 kg Cu/ha with the wheat straw (Cabral et al. 1998) . Harvesting of maize grain and straw may remove 0·03-0·06 kg Cu/ha, based on the Cu concentrations in the whole maize plant grown on soil amended with pig manure (Berenguer et al. 2008) .
The amount of Zn removed from wheat grain and straw is 0·05-0·16 and 0·10-0·37 kg Zn/ha, respectively, for pig manure application rates between 5 and 25 t/ha (Cabral et al. 1998) . Based on a Zn content of between 13·4 and 17·5 mg Zn/kg in maize biomass (Berenguer et al. 2008) , 0·30-0·47 kg Zn/ha can be removed from the whole maize plant at pig manure application rates of 29-51 t/ha. The operating costs for the different separation techniques were based on conventional methods for estimating the interest, depreciation and maintenance of machinery (e.g. Sørensen & Møller 2006) . The average total annual costs were given by the following equation as a combination of capital costs and variable costs:
where C is the total annual cost, I the initial investment (US$), i the annual interest rate (%/100), n the number of years over which the machine will be depreciated, w the annual depreciation rate (%/100), A the estimated labour requirement (h), l the labour cost (US$/h), O the nominal operating time (h), a the maintenance cost (US$/h), f the fuel cost (US$/h), u the yearly machine insurance premium (US$) and h the yearly housing cost (US$) ( Table 3 ). The cost was estimated assuming that standard equipment was used to manage the slurry and slurry fractions, i.e. slurry and liquid fraction management entailed a tanker for transport and trailing hoses for the application, and solid fraction transport and application involved a muck spreader. The cost was based on normative unit costs per tonne (Farmtal Online 2013), indicating US$3·19 for slurry/liquid fraction application and US$3·89 for solid manure application. The application (Hansen et al. 2006 . Leaching of nitrogen (N), phosphorus (P) and potassium (K) from solid manure stores (Sommer 2001) . The emission of N gases from acidified solid manure is a qualified estimate. Mineral fertilizer equivalent of solid manure applied to maize fields and of slurry and liquid manure applied to winter wheat (Birkmose 2009; Sørensen & Eriksen 2009; Jensen 2013) . No leaching is expected from slurry and liquid manure stored in concrete slurry tanks, and liquid leaching from solid manure is pumped into the liquid manure store * Availability of N, P and K is expressed as MFE, which quantifies the amount of fertilizers N, P and K that is substituted by N, P and K in the manure (fraction). For P and K, the long-term MFE is 1·00 and for N, depending on the slurry properties and separation technique, MFE is between 0·20 and 0·90 of total N.
scenario involved 392 animal units (11 694 fattening pigs) producing 6899 t of raw slurry per year, and application rates were calculated using the NPK requirements given in Table 2 . The stipulated configuration of the assumed application area involved quarter circles radiating from the location of the storage facilities, indicating an average transport distance of three quarters of the radius of the quarter circle. The costs of acidifying 1 t of slurry were calculated using the following input data: investment US$0·22 million (US$0·15-0·27 million) and acid cost US$0·19/(H 2 SO 4 ). With regard to statistics, the BMP of each slurry and slurry fraction was measured in triplicate and comparisons were performed with Tukey's hoest significant difference test. In the current full-scale farm experiment, it was not possible to obtain replicate or triplicate measurements of a treatment due to management challenges, time restrictions and access to facilities. Therefore, statistical analyses were not performed on treatment effects.
RESULTS
The DM concentration of the pig slurry was c. 90 g/kg (Table 4) , which is relatively high for pig slurry collected in Denmark. Consequently, the slurry had higher concentrations of most of the components (i.e. the concentrations of K and total-N were c. 1·5 and two times higher, respectively) than the concentrations measured in the study of Sommer & Husted (1995) , while the VFA contents of untreated and acid-treated slurry (Table 5) were about five and three times greater. The hydrogen sulphide concentration was below 0·007 mg/kg for both acidified and non-acidified manure. In contrast, ortho-P was higher in the acidified slurry than in the untreated slurry (Table 6) .
Acidification of slurry interfered with the separation, thus all three separators produced less solid fraction when using acidified slurry ( Fig. 1(a) ). The DM concentration in the solid fractions was not affected by slurry acidification (Fig. 1(b) ).
The non-acidified slurry and non-acidified liquid fraction from the screw press and decanter centrifuge showed a higher BMP/kg VS than the acidified slurry, acidified liquid fractions and solid fractions ( Fig. 2(a) ). The largest BMP/kg VS of the liquid fractions was from the decanter centrifuge and the screw press. The liquid fractions from flocculation and drainage were smaller than from all the other fractions and slurry. In contrast, the solid fraction from flocculation and drainage Table 3 showed a higher BMP/kg VS. The BMP/kg VS of the other solid fractions, which were all similar, were not significantly different from those of acidified slurry or the liquid fraction from the screw press and decanter centrifuge. The amount and composition of slurry and slurry fractions applied to fields were assessed using the conditions typical for a traditional Danish manure management system (Tables 1 and 2 ). First, when considering fulfilling the crop need by fertilizerefficient N alone, with the exception of the liquid fraction from flocculation and filtration, the acreage of land required was higher when applying treated fractions than the acreage needed when applying slurry (Fig. 3) . Separation with flocculation and drainage transfers a large amount of N to the solid fraction. Therefore, the N supply in the liquid fraction from drainage covers the N requirement of a smaller winter wheat area. Acidification increased the field acreage of wheat where the N need could be fulfilled. Instead of looking solely at the fulfilment of the N requirement with manure application, calculations 
P: phosphorus; S: sulphur; H 2 S: hydrogen sulphide; Avg.: average. were made to establish the largest acreage of crop that could be fulfilled by nutrients N, P or K using the lowest application rates of liquid fraction to fulfil cropland need (Fig. 4(a) ). Potassium had the largest land demand when applying the non-acidified liquid fraction from flocculation and drainage and from decanter centrifugation to wheat. For the other uses of liquid fractions, P application demanded most land. The field area needed to spread the liquid and solid fraction to meet NPK requirements was, for most treatments, limited by P (Fig. 4(b) ). The two exceptions were flocculation/drainage and centrifuge-treated slurry, where K limited the demand for land. The additional application of manure to meet the crop's N requirement would cause an oversupply of P and K. Hence, mineral N fertilizer should be supplemented (Figs 4(c) and (d )). Acidification reduced the area with wheat needed, probably because, firstly, total P in the whole slurry and liquid manure from the screw press was not affected by acidification and, secondly, acidification did not change the total K content in the liquid fraction of manure from either flocculation/ drainage or decanter centrifugation. In the case where both liquid and solid fractions were applied to fields, acidification reduced the area of land required and the amount of mineral fertilizers that needed to be added as well (Figs 4(b) and (d)). The reason for this was that more N, P and K were recovered in the nonacidified solid fractions than in the acidified fractions. In the current study, the concentration of Zn was 200-1610 mg/kg DM and Cu concentration was 50-174 mg/kg DM. The highest heavy metal concentrations were found in the solid fractions after separation by flocculation/drainage and decanter centrifuge (Table 4) . After screw-press separation, however, slightly higher Cu and Zn concentrations were found in the liquid fraction than in the solid fraction. The concentration of Zn and Cu was higher in the solid fraction separated using coagulants than in the slurry before the separation treatment. Liquid fraction application to wheat fields did not increase the Cu content of soil except for wheat fields treated with the non-acidified liquid fraction from decanter centrifugation. However, in maize fields on which solid fractions from pig slurry separation were applied, the content of Cu did increase (Fig. 5) . With the exception of wheat fields on which flocculated and drained liquid was applied, more Zn would be applied than removed with grain and straw from wheat and maize fields (Fig. 5) .
The cost of separation varied greatly between the three separation technologies, whereas the cost of application was not particularly affected by separation (Fig. 6) . When including fixed and operational costs The field area to which liquid manure has to be spread to supply winter wheat with the nutrients that, at the lowest manure application rate, fulfils crop requirements. (b) The total area needed for application of liquid fraction to winter wheat and solid fraction to maize to supply them with the nutrients that, at the lowest manure application rate, fulfils crop requirements. Untreated ( ) and acidified fractions ( ). (c) Additional mineral fertilizer needed to fulfil the wheat crop demand, where only liquid manure was applied. (d) Additional mineral fertilizer needed to fulfil the crop demand where liquid fraction was applied to a wheat crop and solid manure fraction was applied to a maize crop. Nitrogen ( ), phosphorus ( ) and potassium ( ). (Table 7) , the cost of acidification amounted to 5·2 US$/m 3 for a pig farm with 392 livestock units producing 6899 t of slurry annually, almost doubling the management cost of slurry (Fig. 6 ). The MFE increased from 46 to 81 kg mineral N per 100 kg N managed. At excretion, 1 t of slurry contains c. 7 kg N. Acidification of the slurry on application contributed to an increase in MFE of c. 2·5/t slurry, corresponding to a cost saving on fertilizers of US$2/t slurry. Separation costs differed, with the screw press being the least expensive: flocculation costs were 70% higher than screw-press separation and decanter centrifugation 98% higher (Fig. 6 ). Application costs, on the other hand, showed no significant variation between the different separation techniques, including the base scenario involving no separation. Therefore, transporting and the application of two manure fractions to a field is only slightly more expensive than transporting and applying one fraction (Fig. 6) . ).
DISCUSSION
The current study provides an assessment of the effects of acidification and separation of slurry from a pig fattening farm on the characteristics of inorganic manure components, organic components and biogas production, land requirement for the field application of manure, heavy metal loading and costs related to the treatments.
Manure characteristics
The concentration of the inorganic components was higher than the concentration measured in the 1995 study of Sommer & Husted (1995) . This was probably due to better water management at this farm, which is part of a research station where the addition of spilled drinking water and excess washing water to the slurry is reduced. The lower water content will not greatly affect separation efficiencies related to the physical and chemical characteristics of DM, but it will reduce the volume of slurry that has to be treated (Hjorth et al. 2010) . The VS of the liquid fraction contained a lower fraction of lignin than the solid fraction, and was within the range measured in earlier studies of manure from fattening pig production (Bruni et al. 2010; Triolo et al. 2011) .
The TIC of untreated slurry was at the same level, whereas in acid-treated slurry it was 0·1 times the concentration reported in the study of Sommer & Husted (1995) . The lower TIC and VFA in the acidtreated slurry compared to the untreated slurry was due to the inhibition of microbial transformation of the organic matter caused by acidification to pH 5·5 (Petersen et al. 2012) . Consequently, the VFA in acidified slurry primarily consisted of the VFA in faeces excreted by the animals, whereas the concentration of VFA in untreated slurry was about one-third higher due to the production of VFA during storage (Møller et al. 2004b) .
The concentration of H 2 S was not affected by the addition of sulphuric acid, indicating that sulphate was not reduced in the acidified slurry. Ortho-P was higher in the acidified slurry than in the untreated slurry, indicating that more P was dissolved at a lower pH (Hjorth et al. 2010 ).
Organic components and biogas production potential
The reduced total amount of DM in the solid fraction from separation of acidified slurry indicates that lowering the pH of the slurry changes the particle size, the charges of colloid particles and inorganic components, and/or the amount of dissolved compounds.
The BMP of the slurry and liquid fractions was lowered by the acidification pre-treatment, which is in accordance with a study by Sutaryo et al. (2013) . However, acidification only lowered the BMP of the solid fraction produced by flocculation and drainage which had a large liquid content. Hence, the process inhibitor appears to be located in the liquid; the inhibitor could therefore be H 2 S (Moset et al. 2012) . Lignin is an inhibitor of VS transformation to biogas (Triolo et al. 2013) , therefore the liquid fraction with a low lignin content showed a higher BMP than the solid fraction. The BMP of the non-acidified liquid fraction was high, which must be due to the low lignin and carbohydrate concentration of this fraction. Furthermore, the BMP of the liquid fraction from the flocculation and drainage experiment showed the lowest BMP per kg of VS because the A low pH and high sulphur (S) content inhibits the anaerobic fermentation of the biomass and causes a low BMP in the liquid fractions, but not in the solids. Thus, if an operator uses acidified biomass, it has to be blended with biomass with a high buffer capacity, neutral pH and low S content in order to maintain the pH of the digestate and to keep the S concentration low.
Field acreage need and crop nutrient requirement Separation facilitates the removal of N from a farm with excess nitrogen. By only considering N application, with the exception of flocculation and drainage separation, the separation increases the wheat acreage to which the slurry and liquid fraction is applied to cover the wheat crop need efficiently. The area needed to spread the liquid fraction from decanter and screwpress separation to meet plant N requirements in full was a little higher for the liquid manure than for the slurry because the MFE was much higher for the liquid manure fraction than for the slurry. However, the current study shows that efficient use of manure N, P and K often requires an equivalent or larger area of agricultural land than with the use of untreated slurry. On farms where acidified slurry and slurry separation products are produced and spread, separation, except with the screw press, reduced the need for land. Separation slightly enhanced the efficient use of the nutrients from acidified slurry. Consequently, the reduction in the land area required was due to a combination of a better match between crop NPK requirements and the NPK applied with the manure. Applying liquid manure from flocculation/drainage and decanter centrifugation largely avoided the oversupply of P and K, and hence reduced the need for additional mineral fertilizer on wheat crops.
The MFE was assumed to be similar for the three solid fraction products produced in the current study, but tests may show that the solid fraction from flocculation and drainage with a high total ammoniacal nitrogen (TAN = NH 3 + NH 4 + ) concentration has a higher MFE than the solid fractions produced by the screw-press treatment or by centrifugation.
Heavy metals
Zinc (Zn) and copper (Cu) are often added to pig feed to reduce disease, therefore the concentration of these metals in pig slurry is high compared with the concentration in slurry from, for example, cattle (Møller et al. 2007 ). The Zn concentrations were similar to those measured in earlier studies characterizing pig slurries, and Cu concentrations were much lower than in the study of Møller et al. (2007) , for example, where the Zn concentration was 770-911 mg/(kg DM) and Cu was 494-640 mg/(kg DM). Slurry separation using coagulants and additives before drainage and by decanter centrifuge retains more of the small particles in the solid fractions (Peters et al. 2011) which have high Zn and Cu concentrations (Popovic et al. 2012) . Nevertheless, the concentrations of Cu and Zn in the slurry and slurry fractions were below the Danish limits set for the spreading of sewage sludge to agricultural fields, which are 4 and 1 g/kg DM for Zn and Cu, respectively (Anonymous 2006) . Therefore, the addition of pig slurry to fields will increase the concentration of Cu and Zn in the soil. The slurry and liquid fraction will not increase Cu in wheat fields except for a slight increase when the liquid fraction from the decanter centrifuge treatment is applied. Addition of solid fractions to maize fields will increase both the Zn and Cu content of the soil. However, plant availability of trace elements such as Cu and Zn is affected by soil properties such as texture and especially pH: slightly acidic soil pH favours the uptake of Cu and Zn compared with alkaline soil pH (Cabral et al. 1998) . As far as it is known, the effect of slurry acidification before separation on the plant uptake of heavy metals from the applied separated fractions has not yet been investigated, but it is likely that the bioavailability of Cu and Zn from the acidified fractions will be comparatively high, or higher than the values found in the literature.
Cost estimates
The automated slurry acidification system reduces labour costs related to the removal of slurry from the animal house, while the cost of covering slurry stores is not affected and the application costs is reduced for slurry applied to grassland. However, there are also indications that an increased need for liming should be expected (Petersen et al. 2011) .
It should be noted that, in the current study, unit costs are based on the norms of contractors who are hired by most Danish farmers to apply manure to fields, thus eliminating the additional costs of needing to acquire two manure application machines. Therefore, separation does not increase application costs. In the case of farmer-owned machines, the influence of using two machine systems (solid manure application and slurry application) could increase application costs, especially if small amounts of manure are to be handled annually. Acidification and separation are expensive treatments and the associated costs in most cases will not be matched by a more efficient use of the manure.
CONCLUSIONS
The current study shows that the separation of manure contributes to a more efficient use of the nutrients in animal slurry if its application is adjusted to the NPK needs of the plants. The consequence of using this strategy was that separation will not reduce the area of land to which slurry must be applied, as would be the case if the focus had been on N application alone and an oversupply of P and K were not considered problematic. Acidification reduced the need for supplementary fertilizers. There was an accumulation of heavy metals in fields receiving slurry and slurry separation products, with the exception of copper accumulation in wheat fields where the liquid fraction or slurry applied. The costs of the different separation techniques varied between 2·65 and 5·26 US$/m 3 , with the screw-press method being the least costly and the decanter method the most costly. The application of the separated manure products ranged between 3·45 and 3·85 US$/m 3 , showing a relatively constant cost level for the different application methods.
